ABSTRACT
INTRODUCTION
Two methods are commonly used to denature RNA for Northern analysis. Pretreatment of the RNA with formaldehyde and Me 2 SO, followed by electrophoresis through an agarose gel containing up to 2.2 M formaldehyde (6) is the more commonly used method. Formaldehyde is now an Occupational Safety and Health Administration (OSHA)-regulated carcinogen (OSHA Standard 1910.1048), making its use undesirable. A second method using glyoxal to denature the RNA (7) offers an improvement with sharper bands, but the method is more difficult to carry out since the electrophoresis running buffer must be frequently exchanged or recirculated (7, 8) .
In this report, I introduce two modifications to the glyoxal procedure that significantly simplify it, making it both easier and faster than the formaldehyde procedure. First, a new running buffer is described that does not need to be recirculated or exchanged at any time during the electrophoresis of the RNA. Second, a glyoxal reaction mixture containing both ethidium bromide (EtdBr) (3, 5) and glycerol can be prepared and stored as a master stock.
MATERIALS AND METHODS

RNA Isolation
Total RNA was prepared from the murine hybridoma cell line BR96 (4) and from the same cell line transfected with human immunoglobulin γ 1 and κ constant region sequences to produce chimeric antibodies (2) . RNA in the transfected cells was isolated from the master cell bank and from a post-production cell bank. The RNA was isolated in T RI ZOL ™ (Life Technologies, Gaithersburg, MD, USA) and purified by lithium chloride precipitation following the manufacturer's instructions. Polyadenylated RNA was isolated from the total RNA using an Oligotex ™ mRNA Kit (Qiagen, Chatsworth, CA, USA).
Glyoxal Purification
Ten milliliters of 6 M glyoxal (Sigma Chemical, St. Louis, MO, USA) are deionized by gently mixing with 2 g of a mixed bed resin [AG-510-X8(D); Bio-Rad, Hercules, CA, USA] until the indicator dye in the resin is exhausted. The glyoxal solution is separated from the resin by filtration through a Uniflo ® Plus filter (Schleicher & Schuell, Keene, NH, USA). The deionization process is repeated until the pH of the glyoxal is >5.0. The pH is monitored by mixing 200 µ L of glyoxal with 2 µ L of 10-mg/mL Bromcresol Green (Sigma Chemical) in deionized H 2 O. When the color of the dye is blue-green to blue, the glyoxal is considered sufficiently purified. The glyoxal was deionized three times in the experiments described here.
Reagents
A 10 ×stock of BTPE buffer is prepared by adding 3 g of piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) free acid, 6 g of bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane (Bis-Tris) (free base) and 2 mL of 0.5 M EDTA to 90 mL of H 2 O, then treating the solution with diethyl pyrocarbonate (DEPC). The 1 × buffer is 10 mM with respect to PIPES and 30 mM with respect to Bis-Tris. The pH of the 1 × buffer is 6.5. The glyoxal reaction mixture is prepared by combining 6 mL of dimethyl sulfoxide (DMSO), 2 mL of 6 M glyoxal (deionized), 1.2 mL of 10 × BTPE, 0.6 mL of 80% glycerol and 0.2 mL of 10-mg/mL EtdBr. A master stock of the mixture can be stored in 1-mL aliquots at -70°C. A working stock is prepared as 0.1-mL aliquots from a thawed tube of the master stock and stored at -70°C. Once a tube of the working stock is thawed, any unused reagent is discarded.
Denaturation and Electrophoresis of RNA
Two microliters of RNA and 10 µ L of glyoxal reagent are mixed, incubated at 50°-55°C for 1 h, then placed on ice. No further additions are made to the sample before loading it on the gel. A 1% or 1.5% SeaKem ® GTG ® agarose gel (FMC BioProducts, Rockland, ME, USA) is prepared in 1 × BTPE. The gel is submerged in 1 × BTPE, and the samples are loaded directly. The electrophoresis is carried out at 5 V/cm for 3 h. Migration of the RNA is monitored by running dyes (bromophenol blue and xylene cyanol) in a separate lane. After completion of the run, RNA standards are visualized by placing the gel on a transparent tray on a UV transilluminator. RNA is transferred to a nylon membrane without any additional washing of the gel.
Probe Preparation
Human immunoglobulin γ 1 constant-region cDNA was prepared from mRNA using a gene-specific primer. A digoxigenin (Dig)-labeled probe was prepared by polymerase chain reaction (PCR) using internal primers, DIG DNA Labeling Mix (Boehringer Mannheim, Indianapolis, IN, USA) and TaqExtender ™ (Stratagene, La Jolla, CA, USA). A human immunoglobulin κconstant-region probe was prepared by PCR-amplifying a cloned genomic gene fragment.
Transfer and Hybridization
RNA is transferred to a positively charged nylon membrane (Boehringer Mannheim) using a vacuum blotter (Bio-Rad). The transfer solution is 7.5 mM NaOH (11), and a 5" Hg vacuum is applied for 90 min. The filter is neutralized briefly in 1 M ammonium acetate, then the RNA is UV cross-linked to the filter (125 mJ/cm 2 ). Hybridization is carried out according to the optimized procedure of Engler-Blum et al. (1) . Detection of the Dig-labeled probe is performed with a Genius ™Kit (Boehringer Mannheim), using a slight modification of the procedure accompanying the kit. Tween ® 20 (0.3%) is added to both the washing and blocking buffers (buffers 1 and 2 from Genius Kit). After incubation with the antibody, the filters are washed twice with the wash buffer plus 0.3% Tween 20 and 0.1% N -lauroylsarcosine. Filters are incubated overnight after application of the Lumigen PPD (Boehringer Mannheim), and the X-ray film (BioMax ™ MR; Eastman Kodak, Rochester, NY, USA) is exposed for 30 min.
RESULTS AND DISCUSSION
Gel electrophoresis of glyoxal-treated RNA must be carried out in a lowionic-strength buffer to prevent renaturation of the RNA (3). Furthermore, it is important to maintain the pH < 8.0 to prevent the removal of the glyoxal adduct from the RNA. As a result, all electrophoresis running buffers in use until now have needed to be recirculated to prevent the formation of a large pH gradient across the gel. Without recirculation, the pH of the standard 10 mM phosphate buffer (7) can reach a pH of 8.0 at the cathode in as few as 25 min (3). Aside from the low ionic strength, the primary reason for the pH gradient is the presence in running buffers of small, highly charged ions, such as sodium phosphate (7) or sodium N , N -bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (3). A more stable buffer can be prepared by combining a weak acid and base with similar pK's. For this reason, PIPES (pK = 6.8) and Bis-Tris (pK = 6.5) were chosen for evaluation. These were combined in a proportion that produced a buffer with a final pH of 6.5. Since none of the buffer components contain primary amines, the solution can be treated with DEPC to inactivate any contaminating 
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RNase activity. The ability of the 1 × buffer to resist the formation of a large pH gradient was tested in two different minigel systems with duplicate runs in each apparatus. After electrophoresis at 5 V/cm for 3 h, 5 mL of buffer were removed from each buffer well, and the pH was measured. The duplicates matched to within 0.1 pH unit. Table 1 shows that a relatively small pH gradient formed in either apparatus, and both systems were sufficiently stable to allow electrophoresis of the RNA without recirculation of the buffer. Several methods for preparing glyoxal adducts of the RNA were compared. The standard procedure (7) calls for causing a reaction between the RNA and 1 M glyoxal in the presence of 50% Me 2 SO and 10 mM sodium phosphate, pH 7.0 at 50°C for 1 h. Glycerol and dyes were added before loading the samples, and the RNA was visualized by staining the gel with either EtdBr or Acridine Orange (AcrOr). Adding EtdBr to the denaturing reaction in either formaldehyde (5) or glyoxal (3) simplifies the procedure and increases the intensity of the UV fluorescence of the RNA. Figure 1 shows a comparison of several methods for denaturing the RNA (0.24-9.47-kb RNA Ladder; Life Technologies). All of the procedures are variations of the standard procedure (7) . For the first three lanes, the denaturing solution contained glycerol and a fluorescent dye in addition to the glyoxal and buffer. For lane 4, only glycerol was added to the denaturing reaction, and in lane 5, no addition was made. All of the procedures but one (adding AcrOr to the reaction-lane 3) produced similar migration and sharp bands. The reactions that contained EtdBr in the denaturation solution produced strong bands, even before staining the gel for visualization of the last two lanes. It is interesting to note that the high concentration of EtdBr in the loading buffer did not significantly affect the mobility of the RNA as it would in a formaldehyde gel (9) . In a side-by-side comparison (not shown), the RNA migrated only slightly (about 2%) slower when the denaturation solution contained 50 µ g/mL EtdBr (S. Tonzi, personal communication). This lower concentration also produces acceptable results, although the reaction mixture is less visible when loaded onto the gel. Addition of glycerol during the denaturation of the RNA also did not affect its subsequent migration. The denaturation reaction for lane 2, which used 1 × BTPE instead of sodium phosphate, worked just as well and produced a slightly stronger UV signal. Glyoxal is an unstable reagent that can be oxidized by exposure to air (7) . Most procedures suggest deionizing the reagent immediately before using it. To simplify the procedure, a frozen reagent stock was prepared with all of the components already added. Prepared in this manner, the denaturing solution is effective for at least three months and is easy to use.
To determine whether RNA that was prepared and run in this manner was suitable for subsequent Northern analysis, polyadenylated RNA was denatured and run on a 1.5% agarose gel. Approximately 1 ng of RNA (the amount that had been isolated from 0.1 µ g of total RNA) was loaded into each lane. This amount of RNA could not be visualized under UV light. The RNA ladder was run in one lane both as a molecular weight marker and to monitor the transfer efficiency of the vacuum blotter. The transfer buffer contained 7.5 mM NaOH, which can partially fragment the RNA to facilitate its transfer to the nylon membrane. When the RNA has been denatured with glyoxal, the added advantage of removal of the glyoxal adducts occurs (11) , leaving the RNA sequences available for hybridization to the probe. 
